The dyeing of modified pulp, particularly with regard to the mechanism involved, was studied. The reaction mechanism for the modification of cellulose fibres in aqueous solution by cationic agents was also described. The results obtained were expressed in the form of adsorption isotherms. The capture of molecules, colloidal particles, etc. during the adsorption processes involving modified pulp could be explained by two possible mechanisms: (i) aggregation (coagulation or flocculation) in solution followed by adsorption and (ii) surface aggregation (coagulation or flocculation).
INTRODUCTION
It is well known that the adsorption properties of chemically modified cellulose with respect to anionic compounds may be improved by the introduction of cationic quaternary groups (Mureşan et al. 1997a,b) . The present work was undertaken to monitor both such modification and the corresponding adsorption processes involving unmodified and modified pulp. We have recently published results demonstrating the enormous increase in adsorption capacity toward anionactive substances of a soluble or colloidal nature by such cation-activated cellulose materials (Milichovsky / and Vodeni v carová 1999). (The term 'anion-active' is used here since both anionic and non-anionic forms may occur in solution under the experimental conditions employed, e.g. at the pH value of the aqueous fibre slurry.)
The reaction of the hydroxy groups on cellulose-containing fibres with the epoxy groups of quaternary ammonium compounds of an oligomeric character was employed for introducing cationic groups into the cellulose macromolecule. The quaternary ammonium compounds were formed by the conversion of the secondary amine to the quaternary amine by alkylation with epichlorohydrin. The corresponding changes effected in the structure of the cellulosic material had a significant effect on the adsorption behaviour of the modified material. Thus, the capacity of the material for taking up anion-active dyestuffs dramatically increased, especially for direct or reactive dyes. However, in contrast to the simply shaped adsorption isotherms usually observed, those obtained during the adsorption of anion-active dyestuffs by pulp activated by cationic oligomeric groups exhibited a typical S-shape.
The observed isotherms have been discussed theoretically in terms of the following three models:
Aggregation of molecules and colloidal particles on the fibre surface through the action of the cation-active centres, i.e. surface coagulation or flocculation. This mechanism is depicted schematically in Figure 1 . Coagulation or flocculation of particles in solution using a flocculating agent followed by adsorption. This is a well-known process (see Figure 2 ). Adsorption of dye molecules on specific sites which are incapable of further adsorption after saturation (Rattee and Breuer 1974) . This is the process assumed in the Langmuir isotherm approach. The theoretical equations derived from this approach as deduced from kinetic considerations of the adsorption process may be employed for verifying the experimentally determined adsorption data.
A summary of these various models is provided in Scheme 1.
AGGREGATION IN SOLUTION AND ADSORPTION
According to kinetic model 1 as depicted in Scheme 1, the molecules, particles, etc. in aqueous solution first aggregate, i.e. flocculate or coagulate, and are subsequently adsorbed on to the cellulosic material, e.g. pulp. Under steady-state conditions, the equations relating to this type of adsorption mechanism may be written as:
The terms on the left-hand side of the expressions depicted in equation (1) indicate that the concentration of places occupied by the adsorbed aggregates remains constant at all points on the surface layer during the process of aggregate concentration. In addition, under the conditions employed, the maximum concentration of adsorptive sites, z, and the pulp consistency, x (g/l), also remain constant, i.e. the total concentration of non-adsorbed molecules, particles, etc., c, and the total concentration of unoccupied sites on the pulp, B, may be defined as:
where c a = [AB] is the concentration of adsorbed particles.
Combining the two expressions listed as equation (1), it follows that: 
This leads to the following form of the adsorption isotherm:
where 1/w = nk 4 /k 3 and k = k 2 /k 1 . We have used this expression to verify the results of the adsorption experiments conducted.
SURFACE AGGREGATION
According to kinetic model 2 as depicted in Scheme 1, the molecules, particles, etc. aggregate, i.e. flocculate or coagulate, only in the vicinity of an active centre firmly bonded to the cellulosic material (see also Figures 1 and 2) after capture of the first particle by this centre. At the steady state, this adsorption process may be characterized by the equations:
since the concentration of active centres with both adsorbed aggregated and non-aggregated particles remains constant during the adsorption process. Combining the two equations listed as equation (7) gives:
Similarly, as described above, under the conditions applied experimentally the maximum concentration of adsorptive sites, z, is constant because the pulp consistency, x, is constant. If we denote the total concentration of non-adsorbed particles as c and the concentration of adsorbed particles as c a , then the individual steady-state concentrations in equation (7) may be defined as:
Substituting in equation (8) gives: nk 2 k 4 c a k 1 c(zx -c a ) = ------(10) k 3 c n After re-arranging and substituting w = k 1 k 3 /nk 2 k 4 , the adsorption isotherm may be obtained in the following form:
which has been used to verify the experimental data obtained from adsorption experiments.
If both models are compared, i.e. equation (6) with equation (11), it is possible to see that they transform into the simple Langmuir adsorption isotherm:
under the following boundary conditions: (1) if n = 1 and k 1 >> k 2 or k 3 >> k 4 , then k/w ® 0; (2) if k 4 >> k 3 , then n ® 0.
EXPERIMENTAL

Materials
TCF (Totally Chlorine Free) bleached sulphite pulp was defibred and beaten to a 3% consistency in a refiner (Hollander laboratory beater) to a freeness of 36 according to Schopper-Riegler (ISO 5267-1). The freeness of the pulp is defined as the measure of the rate at which a dilute suspension (3 g pulp in 1 l water) may be drained. The freeness, or drainage rate, has been shown to be related to the surface conditions and swelling of the fibres. The cationic oligomeric substance Refaktan K (obtained from Chemotex D v e v cín, Czech Republic) was employed as the activating agent for the pulp and Rybacel Orange A (SYNTHESIA, Pardubice-Semtín, Czech Republic) was used as the anionic dyestuff in the experiments described. The activation component, called Refaktan K, was a mixture of oligomeric 2-hydroxypropyldimethylammonium compounds of the general chemical formula (see Scheme 2):
Procedures
Activation of cellulosic fibres
Adapted and non-adapted cationic agents were employed. The appropriate reaction scheme for activation employing Refaktan K is depicted in Scheme 2 with sodium hydroxide, NaOH, being dissolved in Refaktan K in the mass ratio Refaktan K/NaOH = 1:0.05. A 3% pulp suspension was activated employing five different levels of addition of Refaktan K at three different temperatures (30ºC, 60ºC and 90ºC) for 30 min. The resulting activated pulp was centrifuged using an MLW T 23D centrifuge at 3000g for 15 min and then washed with distilled water for 30 min using an equal ratio of water at the activation temperature employed. After prior mineralization of the fibres (Ch / ylková and Ríha 1986), their total nitrogen content was determined by simultaneous photometric microtitration and calculated as the difference between the initial amount of nitrogen in the added Refaktan K and the amount of nitrogen adsorbed by the fibres.
Determination of the total content of epoxy groups
Direct titration with 0.1 M HCl using Methyl Orange as the indicator was employed to determine the total content of epoxy groups in non-adapted Refaktan K. The total amount of chlorohydrin groups in the non-adapted Refaktan K was determined by direct titration with 0.1 M NaOH using phenolphthalein as the indicator.
The total amount of epoxy groups in the adapted Refaktan K was calculated as the sum of the amount of epoxy groups determined via HCl titration and the amount of chlorohydrine groups as determined by NaOH titration.
Dye adsorption
For dye adsorption studies, a 3% pulp suspension was mixed with 10% adapted Refaktan K. The following activation conditions were employed: temperature, 80-90ºC; reaction time, 30 min; pH, 7.0-8.0. The treated pulp suspensions were then diluted with distilled water to provide a suspension consistency of 10 g/l and a dye solution of known concentration added. After allowing an adsorption time of 10 min during which the sample was mixed in a moderate manner, the fibres were filtered through a sintered glass filter (pore size, 40-100 mm) and the concentration of dye remaining in the residual bath determined spectrophotometrically. The amount of dye adsorbed by the fibres was then calculated as the difference between the initial amount of dye in the dyeing bath and that remaining after the adsorption experiments.
Experiments were also performed with the washed and unmodified pulp. Thus, the pulp was washed twice with distilled water using an equal ratio of water and then centrifuged. All experiments were conducted at room temperature (20 ± 1ºC). 
RESULTS AND DISCUSSION
Mechanism of activation reactions
The kind of reaction involved between the cationic oligomeric substance and the anionic fibre was first studied. Figure 3 shows the adsorption isotherms obtained after pulp activation with Refaktan K. The chemical structures of the non-adapted and adapted agent differ in the number of epoxy groups present in each (Scheme 2), with 2.9% and 4.6% epoxy groups being determined for the non-adapted and adapted forms of Refaktan K, respectively. To check whether the assumption of a quantitative reaction involving a covalent bond between the epoxy groups and the OH group of the sulphite group (see Scheme 3) was justified, the presence or otherwise of activating chemical on the washed pulp fibres was estimated. Figure 3 indicates that the minimum quantity of activating agent was released from the fibre surface during washing for both non-adapted and adapted Refaktan K, thereby demonstrating that both forms of the latter were linked to the anionic fibres via covalent bonds. The number of epoxy groups present in the fibre had no influence on the reaction yield and the same was true for the activation temperature (see Figure 3 and Table 1 ).
Since the activation reactions were exothermic they could be performed at relatively low temperatures. The thermodynamic parameters for these exothermic reactions were established by employing classical equations with the experimental data, i.e. DG = RT ln w = DH -TDS where w was obtained from an application of the Langmuir equation. The following values were obtained: DH = -1055 l/mol and DS = -3.17 J/(mol K). These values were supported by the observation that a decrease in the amount of chemisorbed cationic agent occurred with increasing temperature.
Soluble and colloidal substances mainly of an anionic character (polysaccharides, monosaccharides, lignosulphates in the case of sulphite pulp, other low molecular weight compounds, etc.) are bonded by hydration forces to form a vicinal aqueous layer with a quasi-gel structure of decreasing viscosity around the fibrous surface (see Figure 4 ). These substances are released into the aqueous environment during washing at a given temperature in approximately the same quantity as they are bound to the fibre surface (C v e v sek and Milchovsk / y 1996). The viscosity of the vicinal layer decreases with increasing distance from the fibre surface. For this reason, the release of chemisorbed Refaktan K during washing (see Table 2 ) presumably occurred preferentially from the outer shells of the aqueous layer because the quasi-gel structures exhibit the lowest viscosity in this location (see Figure 4 ). The action of the hydration forces depends strongly upon the temperature (Milchovsk / y 1988 (Milchovsk / y , 1990 with increasing temperature leading to their decrease, presumably because of the decrease in viscosity and stabilization of the vicinal water layer. For this reason, the release of Refaktan K was high at higher temperatures but more or less constant for all adsorption levels, in contrast to the situation at lower temperatures (cf. results listed in Table 2 ).
Based on the results obtained, a probable reaction mechanism may be advanced for pulp activation. Chemical bonding occurs between the epoxy groups of the Refaktan K molecules and the OH groups associated with the cellulose molecules. Such bonding occurs in the vicinal water layers, initially in the outer shell and gradually with increasing concentration of Refaktan K in the closely retained shells of immobilized water around the fibre itself. 
Mechanism of colloidal interaction between activated pulp fibres and anionic dyes
This had a considerable influence on the dyeing experiments. Figure 5 shows the dependence of the amount of dye adsorbed by the fibres, c a , on the amount of dye contained in the residual bath, c, under equilibrium conditions. The enormous increase in the capacity of activated pulp fibres towards anion-active dyes reported previously (Milichovsk / y and Vodeni v carová 1999) was confirmed. The cause of this phenomenon is of interest and could be associated with the sequence of steps (Figures 1, 2 and Scheme 1) suggested above. Thus, a number of processes could occur during the uptake of dye by the activated pulp: typical aggregation (coagulation or flocculation) processes in solution followed by adsorption; a surface aggregation (coagulation or flocculation) process; or a typical Langmuirian adsorption.
Because of the enormous increase (10-100-fold) in the maximum amount of dye adsorbed, it is highly improbable that typical multilayer adsorption occurred.
An important difference was found between the behaviours of washed and unwashed activated pulp. The unwashed pulp suspensions contained significant quantites of unattached cationic agent. A significant change in the adsorption of Rybacel Orange A was observed when Refaktan K was present in the system. Thus, the formation of aggregates in solution followed by their adsorption on the fibres seems a real possibility. This is apparently supported by the data depicted in Figure 5 which could be well fitted by two adsorption isotherms, thereby indicating that aggregation in solution as well as surface aggregation occurred. The importance of surface aggregation diminished as the concentration of cationic agent increased in solution (see Table 3 ). In addition, it appears that surface aggregation was less important with washed pulp (see Figure 5 and Table 4 ). Nevertheless, some surface aggregation must be assumed for the washed pulp since coagulation or flocculation in solution alone would be insufficient to account for the enormous increase observed in the amount of dye adsorbed. The work described here demonstrates that the outer shells of vicinal water around the fibrous surface must be released together with the cationic agent during the washing process. Hence, the amount of dye adsorbed in the case of the washed pulp was markedly less than that observed with the unwashed material (see Figure 5 and Table 4 ), although still considerably greater than that observed with the non-activated pulp. As depicted schematically in Figure 1 , the active centres on the pulp surface capable of attracting anion-active particles or molecules must be the free pendant cationic groups associated with the oligomeric substance firmly fixed to the fibre surface of the cellulosic material. This enables flocculation or association of the anion-active particles or molecules on the surface, i.e. surface aggregation or surface flocculation. 
